Objective: To compare the frequency of elevated morning blood ketone levels according to age in 4-14 year olds with type 1 diabetes following overnight use of an automated low glucose insulin suspension system, or following control nights when the system was not used.
| INTRODUCTION
For patients with type 1 diabetes, prompt detection of ketosis is important in the prevention of diabetic ketoacidosis (DKA). A number of reports have shown under experimental conditions, primarily in adults, that insulin delivery can be stopped for several hours before elevated blood ketone levels develop. [1] [2] [3] [4] [5] [6] [7] [8] [9] In patients with type 1 diabetes, aged 15-45 years, we previously described the frequency of elevated blood ketone levels in the morning after 1954 nights in participants in a randomized trial evaluating an automated nocturnal predictive low glucose suspend (PLGS) system. 5, 10 Results showed that the frequency of elevated blood ketone levels was similar (all approximately 1%) after control nights, or after intervention nights when an insulin pump suspension occurred or did not occur. Even with 2-3 h of overnight insulin suspension, the presence of blood ketone levels ≥ 0.6 mmol/L was uncommon (approximately 1%) in this age group. However, the development of ketosis in younger patients with type 1 diabetes using insulin pumps with interruption of insulin delivery has not been well studied. Determining the risk for ketosis is necessary in order to evaluate the safety of such systems for use in young children, and to improve these systems for use in the pediatric population.
Elevated blood ketones occur in children with and without diabetes mellitus as a result of fasting and of insulinopenia, and may occur in increased quantities in younger children. [11] [12] [13] [14] Younger children have now been studied as an extension of the predictive low glucose suspend (PLGS) system investigations described above, 15 providing a large dataset for an adjunctive comparison of morning blood ketone levels in two groups of children, ages 4-9 and 10-14 years.
| STUDY DESIGN AND METHODS
The data utilized for the analyses reported herein were collected as part of a multi-center randomized controlled random order intervention crossover design trial to assess the efficacy and safety of an overnight PLGS system, the primary results of which have been published. 15 The protocol, conducted at three clinical centers, was approved by each Institutional Review Board and written informed consent was obtained from each participant or parent, with assent obtained as required. An independent data and safety monitoring board provided oversight. The study is listed on clinicaltrials.gov (NCT01823341). Key aspects of the study protocol are described below.
Study participants were post hoc grouped in two age cohorts based on observed and predicted frequency of morning ketone ≥0.6 mmol/L ( Figure S1 , Supporting information 
| STATISTICAL METHODS
The current analysis included 3500 out of 3606 randomized nights where a blood ketone measurement was available the following morning.
Cubic spline smoothing was used to estimate the probability of elevated morning blood ketone levels (≥0.6 mmol/L) as a function of patient age. Separate curves were fit for mornings following control and intervention nights. Repeated measures regression models were used to test the effect of age on the duration of pump suspension and morning glucose levels. Separate repeated measures logistic regression models were used to test the effect of age and BMI percentile on elevated morning blood ketone levels (≥0.6 mmol/L) and of age on the frequency of pump suspension; and to assess the effect of pump suspension, pump suspension duration, and morning glucose levels on elevated morning blood ketone levels (≥0.6 mmol/L). All separate control and intervention models included random subject effects and a within participant autocorrelation structure to account for correlated data due to multiple mornings from the same participant. All reported P-values are two-sided. Statistical analyses were conducted using SAS version 9.4 software (SAS Institute Inc., Cary, North Carolina).
| RESULTS
Analyses utilized the data from 575 intervention nights (PLGS system active, including nights with and without pump suspension) and 580 control nights (standard pump and CGM use without automated PLGS system active) in 4-9 year olds and 1183 intervention nights and 1162 control nights in 10-14 year olds.
Following control nights, the frequency of morning blood ketones ≥0.6 mmol/L decreased with increasing participant age (P < 0.001, Figure S1 ), and was 10% in 4-9 year olds vs 2% in 10-14 year olds ( Table 2) . The difference in frequency of elevated morning blood ketones between the two age groups was not affected by adjusting for duration of sleep (time between system activation and deactivation), which on average was longer in the younger age group
(median hours of system use per night 9.9 vs 9.3). Preceding control nights, the frequency of bedtime snacking was 41% for the 4-9 year olds and 43% in the 10-14 year olds. The subsequent frequency of morning blood ketones ≥0.6 mmol/L was similar with and without a bedtime snack in the 4-9 year olds (9% vs 11%) and in the 10-14 year olds (1% vs 2%). The frequency of morning blood ketones ≥0.6 mmol/L was not significantly associated with participant BMI percentile (P = 0.15).
Similar to control nights, following intervention nights, the frequency of morning blood ketones ≥0.6 mmol/L decreased with participant age (P < 0.001, Figure S1 ), and was 13% in 4-9 year olds vs 2% in 10-14 year olds ( Table 2 ). The frequency of nights with one or more pump suspensions did not vary with age (P = 0.72), and occurred during 375 of the 575 nights (65%) in the 4-9 year old group and during 815 of the 1183 nights (69%) in the 10-14 year old group. Among nights with one or more pump suspensions, total duration of overnight pump suspension slightly increased with age (P = 0.03), and the median total suspension duration was 50 min (IQR 22 to 99) for 4-9 year olds compared with 59 min (IQR 24 to 114) for 10-14 year olds.
The frequency of blood ketones ≥0.6 mmol/L was 11% following intervention nights without pump suspension and 14% following intervention nights with at least one pump suspension (P = 0.09) in 4-9 year olds and 3% vs 2%, respectively, in 10-14 year olds (P = 0.20). The probability of morning blood ketones ≥0.6 mmol/L increased with pump suspension in the 4-9 year olds (P = 0.002), but no significant relationship was observed in 10-14 year olds (P = 0.63, Figure 1 ). Among intervention nights, the younger age group had a higher percent of mornings with blood ketones ≥0.6 mmol/L following pump suspensions >120 min (23%) compared to nights with no suspension (11%) or suspensions lasting 61-120 min (11%). This did not occur with the 10-14 year old age group (ketones ≥ 0.6 on 2%
of mornings with > 120 min suspension), or the previously described 15-45 year old group (approximately 1% of mornings).
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Following control nights, morning blood glucose concentration did not vary with age (P = 0.92). Mean (AESD) glucose was 159 AE 65 mg/dL for 4-9 year olds compared with 156 AE 66 mg/dL for 10-14 year olds; and similarly (P = 0.10) following intervention nights, it was 165 AE 58 mg/dL for 4-9 year olds compared with 170 AE 61 mg/dL for 10-14 year olds ( Table 1) . As seen in Table 3, there was an association between morning blood glucose and blood ketone values ≥0.6 mmol/L among both age groups following control and intervention nights (all four P < 0.001).
There were no cases of ketoacidosis or visits to a medical-care facility as a result of the study.
| EXPLORATORY SUBGROUP ANALYSES
Among N = 878 intervention nights for subjects with HbA1c <7.8%
(median HbA1c), the frequency of mornings with elevated blood ketone was 5.4% following nights with pump suspension compared with 3.8% after nights without pump suspension (P = 0.02). The frequency increased with duration of pump suspension (P < 0.001).
Among N = 880 intervention nights for subjects with HbA1c ≥7.8%, the frequency of mornings with elevated blood ketone was 5.5% with suspension and 6.9% without pump suspension (P = 0.73). The association of ketone frequency with duration of pump suspension had a P-value of 0.24.
Among N = 921 intervention nights for subjects with <0.8 units of insulin per kilogram per day (median daily insulin dose), the frequency of mornings with elevated blood ketone was 7.4% following nights with pump suspension compared with 5.4% after nights without pump suspension (P = 0.06). The frequency increased with duration of pump suspension (P < 0.001). Among N = 837 intervention nights for subjects with ≥0.8 units of insulin per kilogram per day, the frequency of mornings with elevated blood ketone was 3.4% following nights with pump suspension vs 5.5% without suspension (P = 0.35). The association of ketone frequency with duration of pump suspension had a P-value of 0.25.
| DISCUSSION
In this study, the 4-9 year old age group had a substantially higher frequency of elevated morning blood ketones than the 10-14 year old age group following both control nights and intervention nights, indicating that the effect was inherent with age and not related to system use. The frequency of morning blood ketones did not change when study participants consumed a bedtime snack. The incidence of elevated ketones in the 10-14 year old age group was similar to that previously described for a 15-45 year old age group. 5, 15 The cut point between 9 and 10 years was based on observation of the data which showed a consistently low morning ketosis rate from 10 to 14 and an increasing rate starting with age 9 years.
Similarly, in a previous report of 8-point 24 hour blood glucose and ketone profiles in 45 children with type 1 diabetes, younger children, ages 4-7 years, had a higher incidence of ketonemia (≥0.2 mmol/L) compared with adolescents, ages 14-19 years. The authors also found ketonemia to be more common in the morning following an overnight fast than during the rest of the day (P < 0.001).
14 With fasting (or reduction of insulin infusion as glucose levels fall), counter regulatory hormones rise to ensure adequate supplies of glucose, fatty acids, and ketones. [11] [12] [13] [14] The mobilized fatty acids and ketones serve as alternate fuels for muscle thereby sparing glucose for brain metabolism. 13 It is also known that glucose production as a function of body weight does not reach adult levels until mid-adolescence. 11, 12 Similarly, muscle primarily provides gluconeogenic precursors during fasting and muscle mass is lower relative to body weight in younger children. 12 Decreased gluconeogenic substrates (such as alanine) have been observed in younger children with prolonged fasting. 17 Thus, the increased ketone production would be expected to be a normal physiologic mechanism in younger children.
The etiology of increased utilization of fat for energy with resultant increased ketone production with prolonged pump suspensions is likely a normal physiologic protective measure, as discussed above, in the younger children. This could also be expected to occur with various clinical conditions, such as with insulin infusion set failures or with childhood illnesses.
The association between elevated morning blood glucose and ketone levels (≥0.6 mmol/L) observed in both age groups is likely the result of two factors. As insulin availability decreases, glucose utilization is reduced and physiologic ketone production, as discussed above, is increased. Insulin levels were not measured in the current study.
The second possible factor relates to insulin resistance with increased fatty acid levels causing reduced glucose utilization. The association between blood glucose and ketone levels is important, as most families do not routinely measure ketones, but are instructed to do so with elevated blood glucose levels. 18 Although the same factors occur with diabetic ketoacidosis, the conditions were not severe enough to result in ketoacidosis in any of the participants in this study.
Limitations of this study include the lack of a non-diabetic control group where ketones were measured. In addition, information
was not collected to know if any families increased their child's morning insulin dose during the study.
Although the data shown in this paper were obtained during a randomized controlled trial that included insulin suspension to prevent hypoglycemia, the findings from the control nights are pertinent for all youth with type 1 diabetes regardless of insulin regimen. In this protocol, families were asked not to use the system if the subject was ill. As ketone formation increases with illness, it is possible that even greater ketogenesis will result. For patients using insulin pumps with a feature that suspends insulin delivery to prevent hypoglycemia, further study may be indicated to determine if the duration of pump suspension should be different for younger aged children. It is important for care providers to be aware of the physiologic differences between young children and adults. The rate of adverse events when using technology approved for adults 'at the discretion of the physician' may be higher when treating young children because of their different physiology.
It is important for physicians to be aware of the likelihood of 
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